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ABSTRACT
It is widely believed that water and complex organic molecules (COMs) first form in the ice mantle
of dust grains and are subsequently returned into the gas due to grain heating by intense radiation of
protostars. Previous research on the desorption of molecules from the ice mantle assumed that grains
are at rest which is contrary to the fact that grains are suprathermally rotating as a result of their
interaction with an anisotropic radiation or gas flow. Toward an era of precision astrochemistry, the
effect of grain rotation on surface chemistry must be quantified. In this paper, we study the effect of
suprathermal rotation of dust grains spun-up by radiative torques on the desorption of molecules from
icy grain mantles around protostars. We show that centrifugal potential energy due to grain rotation
reduces the potential barrier of molecules and significantly enhances their desorption rate. We term
this mechanism rotational-thermal or ro-thermal desorption. We apply the ro-thermal mechanism
for studying the desorption of molecules from icy grains which are simultaneously heated to high
temperatures and spun-up to suprathermal rotation by an intense radiation of protostars. We find
that ro-thermal desorption is much more efficient than thermal desorption for molecules with high
binding energy such as water and COMs. Our results have important implications for understanding
the origin of COMs detected in star-forming regions and call for attention to the effect of suprathermal
rotation of icy grains to use molecules as a tracer of physical conditions of star-forming regions.
Keywords: dust, extinction, astrochemistry - astrobiology - ISM: molecules
1. INTRODUCTION
To date, more than 200 different molecules, including
water and complex organic molecules (COMs, having
more than six atoms), were detected in the interstel-
lar medium (see e.g., Caselli & Ceccarelli 2012 for a
review). It is thought that COMs form in the ice man-
tle of dust grains during the warming up phase induced
by protostars (see Herbst & van Dishoeck 2009 for a
review). However, the question of how such molecules
are returned into the gas remains unclear (van Dishoeck
2017).
Several desorption mechanisms have been proposed to
explain the desorption of molecules from the icy grain
mantle, including thermal and non-thermal mechanisms
(see van Dishoeck (2014) for a review). Thermal sub-
limation (Watson & Salpeter 1972; Leger et al. 1985;
Hasegawa et al. 1992) is the most popular mechanism
to explain the detection of water and COMs in hot
cores/corinos around massive/low-mass protostars be-
cause in these regions icy grains can be heated to high
temperatures above 100 K (Herbst & van Dishoeck 2009;
Caselli & Ceccarelli 2012). Nevertheless, COMs are fre-
quently detected in lukewarm envelopes around proto-
stars where the temperature is below their sublimation
threshold (T ∼ 50 − 100 K; Oberg et al. 2013; Fayolle
et al. 2015; van Dishoeck et al. 2013; Oberg 2016). This
casts doubt on the proxy of thermal sublimation. More-
over, non-thermal desorption mechanisms include des-
orption induced by cosmic rays such as whole grain heat-
ing or impulsive heating (CRs; Leger et al. 1985), des-
orption by single UV photons (photodesorption; Oberg
et al. 2009). The UV photodesorption is a promis-
ing mechanism to desorb molecules in cold dark clouds
in which UV photons can be produced by penetration
of CRs. However, these mechanisms are still difficult
to quantify for astrophysical conditions, and their re-
sulting products may be clusters rather than individual
molecules.
Previous research on thermal and non-thermal desorp-
tion of molecules from the grain mantle assumed that
grains are at rest, which is contrary to the fact that
grains are rapidly rotating due to collisions with gas
atoms and interstellar photons (Draine & Lazarian 1998;
Hoang et al. 2010). Toward an era of precision astro-
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chemistry (van Dishoeck 2017), the effect of grain rota-
tion of gas-grain chemistry must be quantified. The goal
of this paper is to quantify the effect of grain rotation
on the desorption of molecules from icy grain mantles.
Interstellar dust grains are known to be rotating
suprathermally, as required to reproduce starlight polar-
ization and far-IR/submm polarized dust emission (see
Andersson et al. 2015 and Lazarian et al. 2015 for re-
views). Purcell (1979) first suggested that dust grains
can be spun-up to suprathermal rotation (with veloci-
ties larger than grain thermal velocity) by various mech-
anisms, including the formation of hydrogen molecules
on the grain surface. Modern astrophysics establishes
that dust grains of irregular shapes can rotate suprather-
mally due to radiative torques arising from their in-
teraction with an anisotropic radiation field (Draine &
Weingartner 1996; Lazarian & Hoang 2007a; Hoang &
Lazarian 2008; Hoang & Lazarian 2009; Herranen et al.
2019) or mechanical torques induced by an anisotropic
gas flow (Lazarian & Hoang 2007b; Hoang et al. 2018).
As a result, in star-forming regions and photodissoci-
ation regions (PDRs), strong radiation can both heat
dust grains to high temperatures and spin them up to
extremely fast rotation, such that resulting centrifugal
force would have an important effect on molecule des-
orption.
Hoang & Tram (2019) first studied the effect of
suprathermal rotation induced by radiative torques on
the desorption of molecules from the icy grain mantle.
For a grain model made of a silicate core covered with a
thick ice mantle which is expected in very dense clouds
(Oberg et al. 2010), they discovered that the resulting
centrifugal force is sufficient to disrupt the entire ice
mantle into small fragments. Subsequently, molecules
can evaporate from these fragments due to transient
heating by UV photons or enhanced thermal sublima-
tion.1 This process that can desorb the entire ice mantle
is then referred to as rotational desorption. The rota-
tional desorption mechanism is found to be efficient in an
extended region beyond hot cores/corinos surrounding
young stellar objects (YSOs). Later one, Tram & Hoang
(2019) found that molecules can be directly ejected from
ice mantles of suprathermally rotating nanoparticles in
CJ-shocks.
Another popular grain model consists of a silicate core,
an organic refractory layer and outer ice layer (Green-
berg & Li 1996; Greenberg & Li 1997; Jones et al. 2013).
For this model, the ice mantle is presumably thin, of
1 In this paper, sublimation and desorption is interchangeably used
to imply the desorption of molecules from the grain surface.
tens of monolayers of ice water, such that it is hard to
disrupt the entire ice mantle because the resulting ten-
sile stress is insufficient to separate the binding energy
between the mantle and the grain core surface as we
will shown in Section 2. In this case, the joint action of
centrifugal force applied to molecules and thermal fluc-
tuations would enhance the rate of thermal sublimation
of molecules from the ice mantle, triggering desorption
at temperatures below the thermal sublimation thresh-
old. The goal of this paper is to formulate a model of
thermal desorption for suprathermally rotating grains
and explore its implications for astrochemistry.
The structure of our paper is as follows. In Section 2,
we first describe the theory of thermal desorption in the
presence of grain rotation, which is termed rotational-
thermal or ro-thermal desorption. In Section 3 we cal-
culate the rate of thermal and ro-thermal desorption
for grains spun-up by radiation torques from a strong
radiation field. Section 4 discusses the implications of
ro-thermal desorption of molecules and polycyclic aro-
matic hydrocarbons (PAHs) for different astrophysical
environments. A summary of our main findings is pre-
sented in Section 5.
2. ROTATIONAL-THERMAL DESORPTION OF
MOLECULES FROM ICY GRAIN MANTLE
Here we describe our theory for rotational-thermal
desorption from rotating grains of angular velocity ω.
2.1. Grain model: Ice mantles on grain surface
Ice mantles are formed on the grain surface due to
accretion of gas molecules in cold and dense regions of
hydrogen density nH = n(H)+2n(H2) ∼ 103−105 cm−3
or the visual extinction AV > 3 (Whittet et al. 1983).
Spectral absorption features of H2O and CO ice are
highly polarized (Chrysostomou et al. 1996; Whittet
et al. 2008) revealing that icy grain mantles have non-
spherical shape and are aligned with magnetic fields (see
Lazarian et al. 2015 for a review). Nevertheless, we can
assume that the grain shape can be described by an
equivalent sphere of the same volume with effective ra-
dius a.
More complex molecules, including organic molecules,
are formed on in the ice mantle of grains when grains
are warmed up by strong radiation from protostars (see,
e.g., Herbst & van Dishoeck 2009).
Figure 1 illustrates a grain model consisting of a sili-
cate core, followed by a refractory carbonaceous mantle,
and an outer thin ice mantle. Molecules bind to the ice
mantle via binding force (Fb) arising from dipole-dipole
interaction (van der Walls force) or chemical force. The
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Figure 1. A schematic illustration of a rapidly spinning
core-mantle grain of irregular shape, comprising an icy water-
rich mantle. The silicate core is assumed to be compact sili-
cate material and covered with an refractory organic mantle.
Molecules on the ice surface experience the binding force to
the surface and centrifugal force which are in opposite direc-
tions.
grain spinning with angular velocity ω induces a cen-
trifugal force (Fcen) on the molecule of mass m.
2.2. Thermal desorption rate from non-rotating grains
The problem of thermal desorption from a non-
rotating grain is well studied in the literature (Watson
& Salpeter 1972; Leger et al. 1985). The underlying
physics is that when the grain is heated to high temper-
atures, molecules on the grain surface acquire kinetic
energy from thermal fluctuations within the grain lat-
tice and can escape from the surface.
Let τdes,0 be the desorption rate of molecules with
binding energy Eb from a grain at rest (ω = 0) which
is heated to temperatures Td. Following Watson &
Salpeter (1972), one has
τ−1sub,0 = ν exp
(
− Eb
kTd
)
, (1)
where ν is the characteristic frequency given by
ν =
(
2NsEb
pi2m
)1/2
(2)
with Ns being the surface density of binding sites (Tie-
lens & Allamandola 1987). Typically, Ns ∼ 2 × 1015
site cm−2.
-Eb
-Eb+Ecen
Potential Energy
0
rotation rate, ω
Figure 2. Illustration of the potential energy of a molecule
on the rotating grain. The potential barrier is reduced sig-
nificantly due to centrifugal potential (Ecen) as the angular
velocity ω increases.
Table 1 lists the binding energy and sublimation
temperature measured from experiments for popular
molecules.
2.3. Ro-thermal desorption rate from rotating grains
In the presence of grain rotation, the centrifugal force
acting on molecule of mass m at distance r sin θ from
the spinning axis is
Fcen = macen = ω
2r sin θ = mω2 sin θ(xxˆ+ yyˆ), (3)
where acen is the centrifugal acceleration.
We can define centrifugal potential φcen such as acen =
−∇φcen. Then, the corresponding potential is
φcen = ω
2 sin2 θ
(
x2 + y2
2
)
=
1
2
ω2 sin2 θr2, (4)
which gives the average centrifugal potential
〈φcen〉 = ω
2a2
3
, (5)
where 〈sin2 θ〉 = 2/3 is taken.
As a result, the effective binding energy of the
molecule becomes
Eb,rot = Eb −m〈φcen〉, (6)
which means that molecules only need to overcome the
reduced potential barrier of Eb − Ecen where Ecen =
4 Hoang and Tung
Table 1. Binding energies and thermal sublimation temper-
atures for selected molecules on an ice surface
Molecules (Eb/k) (K)
a Tsub (K)
b
H2 500 15
H2O 4800 150
CH3OH 3700 99
HCOOH 5570 155
CH3CHO 2775 30
C2H5OH 6260 250
(CH2OH)2 10200 350
NH3 5530 150
CO2 2300 72
H2CO 3700 64
CH4 2600 31
CO 1300 25
N2 1140 22
C3H6 3100 50
c
a See Table 4 in Garrod (2013)
b Experiment data from Mumma et al. (1993)
and Collings et al. (2004)
c Experiment data from Wakelam et al. (2017)
m〈φcen〉 to be ejected from the grain surface. The rota-
tion effect is more important for molecules with higher
mass and low binding energy.
Figure 2 illustrates the potential barrier of molecules
on the surface of a rotating grain of increasing ω. For
slow rotation, the potential barrier is determined by
binding force. As ω increases, the potential barrier is
decreased due to the contribution of centrifugal poten-
tial.
The molecule is instantaneously ejected from the sur-
face if Eb,rot = 0, which is achieved at the ejection
threshold:
ωej =
(
3Eb
ma2
)1/2
' 10
10
a−5
(
(Eb/k)
1300 K
mCO
m
)1/2
rad s−1.(7)
The ejection angular velocity decreases with increas-
ing grain size and molecule mass m, but it increases with
the binding energy Eb.
The rate of ro-thermal desorption (sublimation) rate
is given by
τ−1sub,rot = ν exp
(
−Eb −m〈φcen〉
kTd
)
, (8)
where the second exponential term describes the proba-
bility of desorption induced by centrifugal potential.
Equation (8) can be written as
τ−1sub,rot = τ
−1
sub,0RD(ω), (9)
where the function RD(ω) describes the effect of grain
rotation on the thermal desorption as given by
RD(ω) = exp
(
m〈φcen〉
kTd
)
= exp
(
mω2a2
3kTd
)
(10)
' 1.7 exp
[
a2−5
(
m
mCO
)( ω
109 s−1
)2(20 K
Td
)]
which indicates the rapid increase of ro-thermal desorp-
tion rate with the grain size a and angular velocity ω.
Let ζ = ω/ωT be the suprathermal rotation parame-
ter where ωT = (2kT/I)
1/2 ' 2 × 105a−5/2−5 T 1/22 rad s−1
with T gas temperature and T2 = T/100 K, and I =
8piρa5/15 inertia moment of grains with mass volume
density ρ. Then, one obtains
RD(ω) = exp
(
2ma2
3I
T
Td
ζ2
)
= exp
(
5m
3M
T
Td
ζ2
)
(11)
where M = 4piρa3/3 is the grain mass.
Figure 3 shows the ratio of ro-thermal to thermal sub-
limation rate, RD(ω), as a function of the grain angu-
lar velocity. For a given grain temperature, the rate of
ro-thermal desorption increases exponentially with the
angular velocity ω when ω is approaching ωej (Eq. 7).
2.4. Sublimation temperatures from rotating grains
Let Tsub,0 be the sublimation temperature of grains at
rest, i.e., ω = 0. The sublimation temperature of rotat-
ing grains is denoted by Tsub,rot. To quantify the effect
of grain rotation on thermal desorption, we compare the
grain temperature that is required to produce the same
sublimation rate from a non-rotating grain which cor-
responds to τsub,0(Tsub,0) = τsub,rot(Tsub,rot). Thus, one
obtains
Tsub,rot =
(
1− m〈φcen〉
Eb
)
Tsub,0. (12)
The effect of grain rotation reduces the sublimation
temperature as given by
Tsub,0 − Tsub,rot
Tsub,0
=
(
m〈φcen〉
Eb
)
=
(
ma2ω2
3Eb
)
, (13)
'0.14a2−5
(
ω
5× 109
)2(
m
mCO
)(
2000 K
(Eb/k)
)
.
One can see that the the ro-thermal sublimation tem-
perature can be decreased by 50% for grains of a =
0.2µm rotating at ω = 5× 109 rad s−1.
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Figure 3. The ratio of ro-thermal desorption rate to thermal desorption rate as a function of grain angular velocity ω computed
for the different molecules and different grain sizes, assuming the grain temperature of Td ≈ 35.5 K (U = 100). The ro-thermal
desorption efficiency increases with increasing ω and the grain size a.
3. RO-THERMAL DESORPTION FROM GRAINS
SPUN-UP BY RADIATIVE TORQUES
3.1. Centrifugal potential due to radiative torques
Following Hoang (2019), subject to a radiation field of
anisotropy degree γ, mean wavelength λ¯, and radiation
strength U , dust grains of size a can be spun-up to a
maximum rotation rate by RATs:
ωRAT' 9.6× 108γa0.7−5λ¯−1.70.5
×
(
U
n1T
1/2
2
)(
1
1 + FIR
)
rad s−1, (14)
for grains with a . λ¯/1.8, and
ωRAT'1.78× 1010γa−2−5λ¯0.5
×
(
U
n1T
1/2
2
)(
1
1 + FIR
)
rad s−1, (15)
for grains with a > λ/1.8. Here, n1 =
nH/(10 cm
−3), λ¯0.5 = λ¯/(0.5µm), FIR is the dimension-
less parameter describing the grain rotational damping
by infrared emission (Draine & Lazarian 1998; Hoang
et al. 2010), and U = u rad/uISRF with u rad the total ra-
diation energy density and uISRF the energy density of
the standard interstellar radiation field (ISRF) in the so-
lar neighborhood (Mathis et al. 1983; Hoang et al. 2019).
The rotation rate depends on the parameter U/nHT
1/2
gas
and the damping by far-infrared emission FIR.
For convenience, let atrans = λ¯/1.8 which denotes the
grain size at which the RAT efficiency changes between
the power law and flat stages (see e.g., Lazarian & Hoang
2007a; Hoang et al. 2019), and ωRAT changes from Equa-
tion (14) to (15).
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Plugging ωRAT into Equation (5), one obtains the cen-
trifugal potential due to grain rotation as follows:
m〈φcen〉= 1.8× 10−3γ2a3.4−5λ¯−3.40.5
(
m
mCO
)
×
(
U
n1T
1/2
2
)2(
1
1 + FIR
)2
eV (16)
for a . atrans and
m〈φcen〉= 0.6γ2a−2−5λ¯20.5
(
m
mCO
)
×
(
U
n1T
1/2
2
)2(
1
1 + FIR
)2
eV (17)
for a > atrans.
The centrifugal potential increases rapidly with the
grain size as a3.4 until a = atrans (Eq.16), and it in-
creases with the radiation strength as U2. Thus, this
potential is important for strong radiation fields.
Using the centrifugal potentials (Eqs. 16 and 17) one
can calculate the rate of ro-thermal desorption (Eq. 8)
and the temperature threshold for ro-thermal desorption
(Eq. 12).
3.2. Radiation strength required for rotational
desorption of molecules
In addition to the ro-thermal desorption, individual
molecules can be directly ejected by centrifugal forces
when the rotational rate is sufficiently high. This pro-
cess is termed rotational desorption in Tram & Hoang
(2019). Comparing ωRAT with ωej (Eq. 7), one can
then derive the critical radiation strength at which the
molecule is immediately ejected
Uej ' 8n1T 1/22 (1 + FIR)
λ1.70.5
γa1.7−5
(
(Eb/k)
1300 K
mCO
m
)1/2
(18)
for a . atrans, and
Uej ' 0.4n1T 1/22 (1 + FIR)
λ1.70.5a−5
γ
(
(Eb/k)
1300 K
mCO
m
)1/2
(19)
for a > atrans.
3.3. Radiation strength required for rotational
desorption of entire ice mantles
As shown in Hoang & Tram (2019)), when the rota-
tion rate is sufficiently high such as the tensile stress
acting on the interface between the ice mantle and the
grain core exceeds the maximum limit of the ice man-
tle, Smax, the ice mantle is disrupted first. In the case
of a thin ice mantle, the tensile strength is replaced by
the adhesive strength, which depends on the mechanical
property of the surface and grain temperature. The ad-
hesive strength is low for clean surface, but it can reach
∼ 109 erg cm−3 for some rough surface (Work & Lian
2018).
Let lm be the ice mantle thickness and x0 be the
distance from the interface between core-mantle to the
spinning axis. From Equation (7) in Hoang & Tram
(2019)), one obtains the tensile stress on the ice man-
tle:
Sx ' 2.5× 109ρˆiceω210a2−5
[
1−
(x0
a
)2]
erg cm−3,(20)
where ρˆice = ρice/(1 g cm
−3) and ω10 = ω/(1010rad s−1).
For a thin mantle layer of lm = a− x0  a, one has
Sx ' 5× 108ρˆiceω210a−5l−6 erg cm−3, (21)
where x0 + a ≈ 2a is assumed, and l−6 = lm/10−6 cm.
The critical rotational velocity is determined by Sx =
Smax:
ωdisr =
2
a(1− x20/a2)1/2
(
Smax
ρice
)1/2
' 4.5× 10
10
a
1/2
−5 l
1/2
−6
ρˆ
−1/2
ice S
1/2
max,9 rad s
−1, (22)
where Smax,9 = Smax/(10
9 erg cm−3).
The critical radiation strength to disrupt the ice man-
tle is then
Udisr ' 32.5n1T 1/22
(1 + FIR)
l
1/2
−6
λ1.70.5
γa1.2−5
S
1/2
max,9 (23)
for a . atrans, and
Udisr ' 1.8n1T 1/22
(1 + FIR)
l
1/2
−6
λ1.70.5a
1.5
−5
γ
S
1/2
max,9 (24)
for a > atrans.
For grains with compact cores, the tensile strength
Smax ∼ 109 erg cm−3 is expected (see e.g., Hoang et al.
2019). Comparing ωej from Equation (18) with ωdisr
from Equation (23), one can see that ro-thermal desorp-
tion of individual molecules can occur before the disrup-
tion of ice mantle if the ice mantle thickness is below 100
monolayers of water ice.
3.4. Radiation strength required for thermal desorption
Under strong radiation fields, icy grains are heated
to equilibrium temperatures of Td ' 16.4a−1/15−5 U1/6 K,
assuming silicate grains (Draine 2011). One can then
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derive the radiation strength required for the classical
thermal sublimation at Td = Tsub:
Usub ' 6× 105a6/15−5
(
Tsub
150 K
)6
. (25)
Comparing Usub with Uej, Udisr one can see that the re-
quired radiation strength for thermal desorption is many
orders of magnitude higher than ro-thermal desorption
as well as direct ejection.
3.5. Numerical results
3.5.1. Rates of ro-thermal vs. thermal desorption
To calculate the rate of ro-thermal desorption, we first
compute the rotation rate spun-up by RATs as given by
Equations (14) and (15), assuming the anisotropy degree
of the radiation field γ = 0.7. We then calculate the
ro-thermal desorption rate of different molecules from
the surface of spinning dust grains. We consider the
different gas density and radiation strengths and assume
thermal equilibrium between gas and dust, i.e., T = Td
which is valid for dense regions around protostars. Our
calculations are performed for several popular molecules,
including methanol, ethanol, with binding energy listed
in Table 1.
Figure 4 shows the rate of thermal desorption (with-
out rotation) and ro-thermal desorption (with rotation)
as a function of the radiation strength U assuming a typ-
ical grain size a = 0.2µm and stellar radiation spectrum
with λ¯ = 0.5µm. The corresponding grain temperatures
are shown on the top horizontal axis. The ro-thermal
desorption rate increases exponentially with the radia-
tion intensity even at temperatures much below the sub-
limation threshold. In all realizations, the ro-thermal
desorption is much faster than thermal desorption ex-
cept for CO2 with high density nH = 10
5 cm−3. The
efficiency of ro-thermal desorption is stronger for lower
gas density nH. This originates from the fact that grains
can spin faster due to lower rotational damping by gas
collisions. One can also see that for most molecules the
ro-thermal desorption occurs well before the immediate
ejection threshold marked by Uej.
Figure 5 shows the rate of ro-thermal vs. thermal
desorption for a = 0.1µm. Ro-thermal desorption is still
faster than thermal desorption, although the efficiency
is lower that for a = 0.2µm due to lower rotation rate
by RATs ωRAT (see Eq. 14).
Figure 6 shows results for N2 and NH3 molecules, as-
suming a = 0.1µm and 0.2µm. The similar trend as
other molecules (Figure 4) is observed. The efficiency of
ro-thermal desorption is clearly seen for NH3 which has
high sublimation temperature.
Same as Figure 4, but Figure 7 shows the results for
attenuated radiation fields with λ¯ = 1.2µm. The effi-
ciency of ro-thermal desorption is weaker than the case
of λ¯ = 0.5µm, but still dominates over thermal desorp-
tion.
Figure 8 shows similar results as Figure 7 but for
λ¯ = 1.2µm. The results are slightly different due to
the radiation field with longer mean wavelength λ¯.
3.5.2. Temperature threshold for Ro-thermal vs. thermal
desorption
Figure 9 shows the decrease of sublimation tempera-
ture, ∆T = |Tsub,rot − Tsub,0| due to centrifugal poten-
tial as a function of the radiation intensity (U) and the
grain temperature, assuming the different gas density.
Analytical results from Equation (13) are also shown
for comparison. The effect of ro-thermal desorption
is more important for lower density. Ro-thermal des-
orption is also more efficient for molecules with higher
binding energy where ro-thermal desorption can occur
at more than 100 K lower than the thermal desorption.
The efficiency of ro-thermal desorption is more efficient
for stellar photons of λ¯ = 0.5µm but less efficient for
reddened photons with λ¯ = 1.2µm.
At high densities of nH = 10
5 cm−3, ro-thermal des-
orption can still occur at temperatures much lower than
thermal desorption for water and other molecules with
high binding energy.
Note that the molecule CO2 has Eb ∼ 2300 K but its
sublimation temperature Tsub,0 ∼ 72 K (Collings et al.
2004), which results in the peaky feature ∆T in Figure
9.
4. DISCUSSION
4.1. Thermal desorption, rotational desorption,
ro-thermal desorption
Thermal desorption (sublimation) is a popular mech-
anism to release water and complex organic molecules
from the icy grain mantle in star-forming regions
(Herbst & van Dishoeck 2009). This desorption pro-
cess ignores the fact that grains are rapidly spinning due
to radiative torques when grains are subject to intense
radiation field from protostars (Draine & Weingartner
1996; Hoang & Lazarian 2008; Hoang & Lazarian 2009;
Herranen et al. 2019).
The effect of suprathermal rotation on the desorp-
tion of molecules from the grain surface is first studied
in Hoang & Tram (2019) where the authors discovered
that the resulting centrifugal force is sufficient to dis-
rupt the ice mantle into small fragments. Subsequently,
molecules can evaporate from these fragments due to
transient heating by UV photons or enhanced thermal
8 Hoang and Tung
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Figure 4. Rates of ro-thermal desorption (solid lines, with rotation) and thermal desorption (dashed line, without rotation)
for several molecules as function of the radiation strength (U) and grain temperature (top horizontal axis), assuming grains of
size a = 0.2µm and the mean wavelength λ¯ = 0.5µm. A range of gas density nH = 10
2 − 105 cm−3 is considered. The vertical
lines show the direct ejection threshold Uej.
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Figure 5. Same as Figure 4 but for grains of size of a = 0.1µm. Due to smaller grain size, the efficiency of ro-thermal desorption
is decreased but still dominates over thermal desorption (dashed line).
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Figure 6. Same as Figure 4 but for N2 and NH3 molecules, assuming a = 0.2µm (upper panels) and a = 0.1µm (lower panel).
Ro-thermal desorption is much faster than thermal desorption for both molecules.
sublimation. This rotational desorption mechanism is
found to be efficient in hot cores/corinos around young
stars where radiation strength U can reach U ∼ 108−109
(e.g., grain temperature T ∼ 500 K). The efficiency of
rotational desorption increases with the thickness of the
ice mantle, so it is most efficient for grains with a thick
ice mantle.
In this paper, we study the additional effect of grain
rotation on thermal desorption in regions where grain
temperatures are below the sublimation threshold of wa-
ter and molecules, which have U < 106 or T < 200 K.
Specifically grain rotation provides molecules on the
grain surface with a centrifugal force that acts in the
opposite direction from the binding force. As a re-
sult, a rather weak level of thermal excitation can help
molecules to sublimate if grains are spinning rapidly. We
term this mechanism ro-thermal desorption mechanism.
The efficiency of the ro-thermal desorption depends
both on the grain rotation rate and grain tempera-
ture, but the rotation rate plays a key role. There-
fore, ro-thermal desorption can occur in weak radiation
fields when grains can be spun-up by mechanical torques
(Lazarian & Hoang 2007b; Hoang et al. 2018). The ro-
thermal desorption mechanism takes over rotational des-
orption when the ice mantle is thin such as ∆am  a
such that the tensile stress acting on the ice mantle is
rather small and cannot desorb the entire mantle (see
Figures 4-5).
We also find that individual molecules can be directly
ejected from the icy grain mantle for ω & ωej, and this
rotational desorption process requires higher radiation
strength than ro-thermal desorption (see Figures 4 and
5). Compared to rotational desorption, we find that ro-
thermal desorption occurs at lower radiation strength
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Figure 7. Same as Figure 4 but for the mean wavelength λ¯ = 1.2µm. Ro-thermal desorption appears to be much faster than
thermal desorption.
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Figure 8. Same as Figure 7 but for N2 and NH3 molecules. Ro-thermal desorption is much faster than thermal desorption for
both molecules.
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Figure 9. Difference between the temperature of ro-thermal desorption and that of thermal sublimation, ∆T = |Tsub,rot−Tsub,0,
as a function of molecule binding energy for a = 0.1µm and a = 0.2µm for λ¯ = 0.5µm and 1.2µm. The difference increases
with increasing Eb and with the gas density.
before the entire mantle can be disrupted into small
fragments and efficient for thin ice mantle of thickness
l < 100A˚.
Finally, compared to UV photodesorption that re-
quires FUV photons between 7− 10.5 eV to be effective
(Oberg et al. 2007; van Dishoeck et al. 2013), ro-thermal
desorption can work with optical photons with the mean
wavelength even at λ¯ & 0.5µm. Therefore, ro-thermal
desorption can be effective in regions without FUV.
4.2. Ro-thermal desorption of PAHs
Like other molecules, PAHs condense in the ice mantle
of dust grains in cold dense clouds (Bernstein et al. 1999;
Cuylle et al. 2014; Cook et al. 2015). Yet, the question
of how PAHs are returned into the gas phase is still
unclear.
Ro-thermal desorption appears to be an efficient
mechanisim to desorb PAHs. Since ro-thermal desorp-
tion requires lower radiation strength to desorb than ro-
tational desorption, one can describe the efficiency of ro-
thermal desorption by considering the ejection thresh-
old. Using Equation (7), one obtains the ejection thresh-
old of PAHs:
ωej =
(
3Eb
ma2
)1/2
' 10
10
a−5
(
(Eb/k)
4000 K
mC6H6
m
)1/2
rad s−1,(26)
where the binding energy of benzene C6H6 and naphtha-
lene (C10H8) to ice is Eb/k ∼ 4000 K and 6000 K (see
Table 4 and 5 in Michoulier et al. 2018).
The ejection radiation strength is then
Uej ' 35n1T 1/22 (1 + FIR)
λ1.70.5
γa1.7−5
(
(Eb/k)
4000 K
mC6H6
m
)1/2
(27)
for a . atrans, and
Uej ' 1.8n1T 1/22 (1 + FIR)
λ1.70.5a−5
γ
(
(Eb/k)
4000 K
mC6H6
m
)1/2
(28)
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for a > atrans. Clearly, the ejection threshold is much
lower than that of water and COMs. Therefore, the ro-
thermal desorption is efficient for desorption of PAHs in
star-forming regions.
4.3. Ro-thermal desorption in photodissociation regions
Photodissociation regions (PDRs) are traditionally
dense molecular clouds with typical gas density nH .
105 cm−3 illuminated by O or B stars (e.g., Orion Bar)
with radiation strength U . 105 − 106 (see Hollenbach
& Tielens 1999; Tielens, A G G M 2007).
For a typical PDR model like Orion Bar (Allers et al.
2005), the gas density and radiation fields are n ∼
104, U ∼ 3 × 104. For these physical conditions, from
Figure 9 we see that ro-thermal desorption is very effi-
cient in desorbing water and complex organic molecules.
This mechanism can explain the formation of COMs
and PAHs which are usually observed in PDRs (see Cup-
pen et al. 2017 for a review).
We note that in more intense radiation field of hot
cores/corinos, the entire ice mantle could be desorbed
via rotational desorption mechanism (Hoang & Tram
2019). Finally, with this paper, the effect of grain ro-
tation on thermal desorption of molecules is complete
and for the first time demonstrate the importance of ac-
counting for grain dynamics for grain-surface chemistry.
4.4. Ro-thermal desorption in the surface and
intermediate layers of protoplanetary disks
The surface and intermediate layer of protoplanetary
disks around young stars are attractive targets for study-
ing ro-thermal desorption due to strong radiation fields.
For the same radiation intensity, the rate of ro-thermal
desorption is several orders of magnitude higher than
that of thermal desorption (Spaans et al. 1995).
4.5. Ro-thermal desorption by mechanical torques
Grains can also be spun-up by mechanical torques
(Lazarian & Hoang 2007b; Hoang et al. 2018). There-
fore, ro-thermal desorption can occur for supersonic
flows. The potential environments include icy grains
in young stellar outflows (see Hoang & Tram 2019).
4.6. From experimental data to astrochemical modeling
Astrochemical modeling of observational data usually
takes desorption rates and chemical reaction rates mea-
sured from experiment and apply directly to interstel-
lar dust grains (e.g., O¨berg et al. 2009). Usually, the
physical properties of dust grains, including grain sur-
face, grain size, and grain dynamics, are disregarded
(see Caselli & Ceccarelli 2012). Recently, the effect of
grain surface properties was studied by experiments in
Potapov et al. (2019), but the application to the specific
grain surface is not yet available.
In light of our findings, application of experimen-
tal measurements of sublimation temperatures cannot
be directly applied to model thermal sublimation of
molecules from the grain mantle due to the effect of
grain suprathermal rotation. We find that the effective
sublimation temperature is much lower than the mea-
sured temperature for non-rotating grains in the lab,
which depends on the local gas density. The difference
is significant for water ice and COMs with high binding
energy.
5. SUMMARY
We have studied the effect of grain suprathermal ro-
tation on the thermal desorption of molecules from icy
grain mantles. Our results are summarized as follows:
1 We find that the centrifugal potential energy due
to grain rotation acts to reduce the potential bar-
rier of the molecule desorption and formulate a
theory for thermal desorption of molecules from a
rapidly spinning grains. To differentiate from the
classical thermal desorption mechanism, we term
this mechanism rotational-thermal desorption or
ro-thermal desorption.
2 We apply the ro-thermal desorption theory for icy
grains spun-up by radiative torques and find that
the rate of ro-thermal desorption of water and
COMs is much larger than that of the classical
thermal sublimation.
3 We derive the effective temperature threshold for
ro-thermal desorption and find that this tempera-
ture is much lower than that for thermal desorp-
tion. The ro-thermal desorption temperatures de-
creases with increasing the radiation strength and
with decreasing the gas density.
4 We find that COMs can be released via ro-thermal
desorption in environments with low temperatures
(T < 100 K) provided that the gas density is not
very high, i.e., nH < 10
8 cm−3. As a result, inter-
pretation of the detection of COMs in astrophys-
ical conditions by means of grain heating only is
likely inadequate because of centrifugal force ef-
fect.
5 Toward an era of precision astrochemistry, one
needs to take into account the effect of suprather-
mal rotation of icy grains on desorption of
molecules, and chemical modeling should take into
account this effect in order to use molecules as a
Ro-thermal desorption mechanism 15
tracer of physical and chemical properties of star-
forming regions.
6 Our results reveal that using experimental data for
astrochemical modeling of gas-grain surface chem-
istry in star-forming regions would be cautious and
must account for the effect of suprathermal rota-
tion of icy grains.
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